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ABSTRACT
Marchantia polymorpha has recently become a prime model for cellular, evo-devo, 
synthetic biological, and evolutionary investigations.
We present a pseudomolecule-scale assembly of the M. polymorpha genome making 
comparative genome structure analysis and classical genetic mapping approaches feasible.
We anchored 88% of the M. polymorpha draft genome to a high-density linkage map 
resulting in eight pseudomolecules. We found that the overall genome structure of M. 
polymorpha is in some respects different from that of the model moss Physcomitrella 
patens. Specifically, genome collinearity between the two bryophyte genomes and vascular 
plants is limited suggesting extensive rearrangements since divergence. Furthermore, 
recombination rates are greatest in the middle of the chromosome arms in M. polymorpha 
like in most vascular plant genomes, which is in contrast to P. patens where recombination 
rates are evenly distributed along the chromosomes. Nevertheless, some other properties of 
the genome are shared with P. patens. As in P. patens, DNA methylation in M. 
polymorpha is spread evenly along the chromosomes, which is in stark contrast to 
Arabidopsis thaliana, where DNA methylation is strongly enriched at the centromeres. 
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species. Finally, M. polymorpha and P. patens centromeres are of similar structure and 
marked by high abundance of retroelements unlike in vascular plants. 
Taken together, the highly contiguous genome assembly we present opens unexplored 
avenues for M. polymorpha research by linking the physical and genetic maps, making 
novel genomic and genetic analyses, including map-based cloning, feasible.
Introduction
The liverwort Marchantia polymorpha is one of the oldest models for studying the biology of 
plants (Schmidel, 1762; Hedwig, 1783; Bowman et al., 2016), including cellular growth, plant 
development, speciation, and classical genetics (Burgeff, 1943). Studies of M. polymorpha played 
a crucial role in the discovery of the alternation of sporophyte and gametophyte generations 
(Schmidel, 1762; Hedwig, 1783; Hofmeister, 1851), and contributed to the early discovery of sex 
chromosomes and sex determination in plants. Asexual propagules of M. polymorpha were used to 
understand how a dorsiventral body plan can develop from initially apolar cells (Mirbel, 1835; 
Zimmerman, 1882; Oppenheimer, 1922; Fitting, 1936; Halbsguth & Kohlenbach, 1953; Otto, 
1976; Otto & Halbsguth, 1976), and studies of M. polymorpha were central in inspiring the debate 
on the cellular nature of organisms and the origin of new cells (Allen, 1917, 1945; Haupt, 1932; 
Nakayama et al., 2001; Yamato et al., 2007; Jamilena et al., 2008). Relatives of M. polymorpha 
have been extensively used to study fundamental questions of evolutionary ecology and 
population biology (Stark et al., 2005; Groen et al., 2010; Stieha et al., 2014; Brzyski et al., 2018). 
More recently, the phylogenetic position of M. polymorpha has made this species critical for 
understanding the evolution of gene regulatory networks across land plants (Breuninger et al., 
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liverworts and mosses are monophyletic, and that the tracheophytes (vascular plants) are sister to 
the clade of bryophytes including mosses, liverworts and hornworts (Wickett et al., 2014; Cox, 
2018; Puttick et al., 2018a).
The recently published genome of M. polymorpha (Bowman et al., 2017) revealed some striking 
differences from the genome of the moss, P. patens (Lang et al., 2018). The M. polymorpha 
genome is relatively small (230 Mbp vs the 462 Mbp genome of P. patens), with a low repeat 
content and redundancy, which leads to a significantly reduced gene set especially for regulatory 
genes compared to P. patens. However, the current assembly contains 2,957 unordered scaffolds, 
which precludes chromosome-scale genome structure comparisons with P. patens. For example, in 
contrast with vascular plant genomes sequenced to date, the P. patens genome showed an even 
distribution of gene, repeat density, and recombination rate along the chromosomes (Lang et al., 
2018). It is currently unclear whether this is a unique feature of the P. patens genome or it is 
shared with other bryophyte groups, such as the liverworts. Furthermore, the lack of a highly 
contiguous M. polymorpha assembly hinders classical forward genetics approaches, which could 
proceed rapidly given that a single cross produces many recombinant haploid progeny (McDaniel 
et al., 2007; Kamisugi et al., 2008).  
Here we used genetic mapping to generate a highly contiguous genome assembly for M. 
polymorpha. We created a mapping population from a cross between the genome isolate and a 
Swiss isolate and constructed a high-density linkage map using over 4,000 genetic markers 
obtained by ddRAD-seq (Parchman et al., 2012). We then anchored the genetic map to the v1.3 
assembly (Bowman et al., 2017) arranging scaffolds into eight linkage groups corresponding to the 
eight autosomes of the M. polymorpha genome. We used this assembly to study the genome 
organization of M. polymorpha. At a large-scale, the recombination landscape of M. polymorpha 
was more similar to those of vascular plant genomes than that of P. patens. Despite that, some 
other properties of the genome are shared with P. patens which may be ancestral to the group of 
bryophytes. For instance, the genome-wide pattern of DNA-methylation shows a more even 
distribution along the chromosome arms than in Arabidopsis thaliana, a feature shared with P. 
patens, but as in A. thaliana recombination frequency anticorrelates with DNA-methylation levels. 
Similarly, gene and repeat density are more evenly distributed along the chromosome arms in M. 
polymorpha and P. patens than in A. thaliana. We also found that M. polymorpha and P. patens 
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vascular plants. Nevertheless, genomic collinearity between the two bryophyte species and 
vascular plant genomes was very limited.
Results
ddRad-tag generation and linkage map construction
The sequencing runs generated 151,226,066 and 146,065,074 raw reads, respectively. After 
demultiplexing, quality filtering, and trimming, we obtained 292235916 reads (approx. 98% of the 
raw reads). We retained 3,792,663 (Tak1) and 4,441,547 (IrchF) reads for the parental lines. From 
the segregating population, we had to exclude or discard 7 samples due to low sequencing 
coverage or because their library preparation failed in two consecutive attempts. 
Using the filtered and trimmed sequence data and the refmap.pl script, we obtained 6601 loci. 
After dropping four individuals by merging genetic clones, discarding 12 markers with significant 
segregation distortion, and removing markers with more than 20% missing data, the mapping data 
contained 4,536 markers (ddRAD-tags) and 79 individuals plus the two parental lines.
In our linkage map, the 4,536 markers were assigned to eight linkage groups (LG) (Fig. 1, a), 
which corresponds to the number of autosomes in M. polymorpha based on cytological 
observations (Ono, 1976; Bischler, 1986). The number of LGs was robust against the LOD p-
values and the missing data thresholds used. Furthermore, a heat plot of LOD scores and pairwise 
recombination rate estimates between markers suggests that our map is solid and shows no 
obvious problems (Fig. 1, b). The eight linkage groups were 81.06 centimorgan (cM), 83.60 cM, 
69.76 cM, 102.65 cM, 101.51 cM, 111.49 cM, 76.01 cM, and 86.15 cM with an average of 89.03 
cM and with a total length of 712.23 cM (Table 1). Marker distances showed little variation across 
chromosomes with an overall average of 1.76 cM and a minimum and maximum value of 1.58 and 
1.90 cM.  88% of the draft assembly (nucleotides) was assigned to one of the eight linkage groups, 
consisting of 381 scaffolds with a total length of 199,989,030 Mb. Conversely, 12% of the bases 
of the draft assembly remained unassigned.
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After linkage map construction, we anchored and ordered scaffolds of the draft assembly on the 
linkage map. We discarded markers with ambiguous and low-quality mapping to the draft genome 
and used 4,234 markers for anchoring. We were able to anchor about 88% of the total bases of the 
linkage map. 12% of the total base space that were part of the eight linkage groups remained 
unplaced in the final map. We could lift over all gene models (19,287) of the M. polymorpha draft 
genome (Bowman et al., 2017) to our assembly of which 94.6% (18,247) mapped to the eight 
linkage groups. Nonparametric correlation statistics (Spearmanʼs Rho) between physical position 
of the markers and their genetic map position was greater than 0.97 for each of the eight LGs 
(Table 1), indicating a good fit between the two map types and success of the anchoring process 
(Supplementary Information Fig. S1). Nevertheless, the anchoring also revealed some conflicts 
between physical and genetic positions of markers, which are either due to mis-assemblies or 
errors in the linkage map. For instance, physical and genetic position of markers were in conflict 
in the terminal regions of linkage groups LG1, LG2, and LG3 (Supplementary Information Fig. 
S1).
When we filled between-scaffold gaps using an arbitrary number of 100 Ns, the final map had a 
total length of 198,443,496 Mb (excluding gaps), in which scaffolds of the draft genome are 
arranged into eight pseudomolecules. Size of the pseudomolecules varied between 20.5 and 29.5 
Mb, with an average of 24.80 Mb. The two Y chromosome scaffolds and another 2,596 scaffolds 
remained unplaced on the map. When we estimated the size of inter-scaffold gaps using the 
genetic map, the total length of the map increased to 208,823,686 Mb and pseudomolecule sizes 
were between 30.69 and 21.42 Mb, with an average of 26.10 Mb. That is, including the estimated 
size of inter-scaffold gaps in the map added about 10 Mb to the total length of the assembly.
Telomeric tandem repeats
We found that the conserved plant telomeric repeat (TTTAGGG)n, was present on only one end of 
a single linkage group (LG2: (TTTAGGG)35). We did not detect less common  centromeric 
repeats described for green plants such as, the one found in Chlamydomonas [TTTTTAGGG] 
(Fulneckova et al., 2016),  Cestrum [TTTTTTAGGG] (Sykorova et al., 2003), Allium 
[CTCGGTTATGGG ] (Fajkus et al., 2016) or in other plants having the human type of repeat 
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number of repeat units per tandem array, we found that the longest arrays were located towards the 
end of the LGs (Supplementary Information Fig S2). Nevertheless, these longest tandem arrays 
were rarely terminally located and even when assessing the position of shorter tandem arrays 
(assuming that assembly of long tandem arrays is rarely complete), they did not show specific 
affinity to the telomeres. Also, there was not a specific repeat sequence that would have been 
associated with all telomeric regions in general. That is, tandem repeats with a repeat unit length 
of 5-15 bp do not seem to be specifically associated with the telomeric regions of the linkage 
groups assembled in M. polymorpha. 
Centromeric repeats
Typical plant centromeric repeats are composed of relatively long repeat units (50-500bp) that are 
organized into long tandem arrays (hundreds to thousands of copies per array) (Melters et al., 
2013; Oliveira & Torres, 2018; Hartley & O’Neill, 2019). We found that both distribution of 
repeat unit length and the number of repeat units per tandem array was highly skewed to the left 
(highly abundant short tandem repeats representing minisatellites and microsatellites) with few 
repeat units longer than 18 bps and very few arrays containing more than 20 tandem repeats per 
array (Supporting Information Fig S3). Therefore, long tandem repeats with high copy number are 
not present in the genomic sequence. We then assessed whether density of potential centromeric 
tandem arrays ([a] repeat unit length ≥10bps and number of repeat units per tandem array≥10, [b] 
repeat unit length ≥10bps and number of repeat units per tandem array≥30; see methods) is greater 
around the putative centromeric regions than elsewhere (see section on Marey maps and 
identification of centromeric regions below). The two tandem repeat array classes (see [a] and [b] 
above) showed increased frequency around the putative centromeric regions (see below) only on 
one or two LGs (Supplementary Information Fig S4). Finally, we also searched a candidate 
centromeric repeat against the assembled genome sequence reported by (Melters et al., 2013). We 
found that the putative centromeric repeat sequence mapped to the putative centromeric regions in 
only four out of eight LGs (LG2-3,LG7-8; Supplementary Information Fig S4). Furthermore, this 
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Marey maps, recombination rate variation
Our Marey maps indicated that recombination rate variation along each of the eight assembled 
pseudomolecules of M. polymorpha deviated significantly from zero (p≤0.0001 for each of them, 
Supplementary Information Table S2). In general, all eight pseudomolecules showed one or more 
recombination active and inactive region (Fig. 2). We used these regions to identify putative 
centromeric regions, which are expected to be devoid of recombination (Copenhaver et al., 1999; 
Vincenten et al., 2015; Nambiar & Smith, 2016) (Fig. 2). The number of active and inactive 
regions were variable across the chromosomes. In particular, for LG1, LG2, LG4, LG5, and LG6 
our analyses suggested one major extensive region with a very low recombination rate. In LG3, 
LG7, and LG8, there are at least two regions with similarly low recombination rates. 
Recombinationally inactive regions are either located close to the middle or close to one end of the 
pseudomolecules. Therefore, the position of centromeres could be readily defined for LG1, LG2, 
LG3-LG6, but not for LG7 and LG8, due to the presence of at least two regions with highly 
suppressed recombination. For these latter LGs, the regions with the lowest and most extensive 
recombination suppression was identified as putative centromeres (Fig. 2). In LG7, the putative 
centromeric region was also supported by a peak in DNA methylation. Nevertheless, localization 
of the centromere in LG8 using recombination rate variation remained ambiguous even after 
taking the distribution of DNA-methylation into account. Recombination rate variation was also 
significantly different from zero along all 23 pseudomolecules of P. patens (p≤0.0001 for each of 
the chromosomes, Supplementary Information Table S3 and Fig. S5). We excluded chromosomes 
6, 13, 25, and 27 from the analysis as explained in the methods section.
Distribution of transposable elements and putative centromeres
As described above, we first identified putative centromeric regions using recombination rate 
variation along the eight linkage groups. We then tested whether maximum density of transposons 
was associated with these putative centromeres, a pattern reported for the P. patens genome (Lang 
et al., 2018). We further argued that if a relationship between transposon density and centromeres 
exists, it will help us to refine the localization of centromeres. Peaks in the density of all repeat 
elements along the eight linkage groups did not coincide with the putative position of centromeres 
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density peaks coincided with the position of putative centromeres identified based on DNA-
methylation status and Marey maps (Supporting Information Fig. S6). The frequency of all 
retrotransposons was higher for all putative centromeric regions compared to their surroundings. 
Nevertheless, retrotransposon density was not necessarily the highest in the centromeric region. 
We found that maximum density of non-LTR retrotransposons, especially those of LINE elements, 
coincided with the position of the putative centromeric regions for most of the linkage groups 
(LG2-5 and LG7-8). In contrast, the distribution of unclassified and unknown elements as well as 
DNA transposons preferentially avoided putative centromeric regions. Moreover, maximum 
density of all DNA transposons, LTR Copia and LTR Gypsy retrotransposons did not coincide 
with the position of putative centromeres. Distribution of LINE elements helped to clarify the 
position of centromeres on LG7 and LG8 which was ambiguous only using information on 
recombination rates. Nevertheless, on LG1 and LG6 the maximum density of LINE elements did 
not coincide with the putative centromeric region but with a segment of the chromosome 
representing another low recombination valley. Therefore, uncertainty remains concerning the 
position of the centromeres on LG1 and LG6. We took this uncertainty into account (see next 
paragraph) and carried out all further analyses using centromere positions obtained by 
recombination rate variation and by the maximum density of LINE elements. We note, that 
changing centromere positions on LG1 and LG6 did not qualitatively change the outcome of the 
tests, nevertheless, it did influence the actual values of the statistics. Therefore, test statistics 
presented in Table 2 are based on centromeric positions obtained using our Marey map data.
Recombination rate variation
We then tested whether recombination rates and selected genomic features show significant 
variation along the chromosome arms at a large scale (among the four quantiles of the 
chromosome arms). The nested ANOVA revealed that recombination rate shows an overall 
significant variation among the four quartiles of the chromosome arms in M. polymorpha (Table 
2). This implies that recombination rate is not evenly distributed across the chromosome arms at a 
large scale, and it is usually higher in the middle of the arms and lower close to the centromeres 
and telomeres. In contrast, most genomic features investigated did not show significant variation 
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proportion of bases covered by gene models, the proportion of bases covered by repeats in 500kb 
windows, and DNA-methylation in all three contexts (CG, CHG, and CHH, with H being any 
nucleotide but G) were not significantly different among the four regions of the chromosome 
arms. Only GC content in 500kb windows turned out to be significantly different among the four 
regions, showing greater values in the middle than in the pericentromeric and telomeric regions.
In contrast, recombination rates were not significantly different among the four regions of the 
chromosome arms in P. patens, implying that recombination rates are more evenly distributed in 
P. patens than in M. polymorpha at a large scale (Table 2). Nevertheless, like in the M. 
polymorpha genome, most of the genomic features showed no significant variation among the four 
quartiles of the chromosome arms either. We found that GC content, proportion of bases covered 
by gene models and by repeats in 500kb windows, and DNA-methylation in all three contexts 
were not significantly different among the four regions of the chromosome arms. Only the number 
of gene models in 500kb windows showed a significant variation across the four quartiles but this 
difference was due to the drop of gene model density at the telomeric regions of the chromosomes. 
Correlation between recombination rate and genomic features 
In M. polymorpha, our analysis indicated that GC content was not significantly correlated with the 
recombination rate along the chromosomes, even when using the least smoothed recombination 
rate estimates (Table 3). In contrast, we found that gene density measured both as number of genic 
features and proportion of bases covered by genes in 500kb windows was significantly positively 
correlated with recombination rate estimates, when using recombination rate estimates obtained 
with the least smoothing. We also observed that the proportion of bases occupied by repeat 
features per window was significantly negatively correlated with recombination rate estimates, 
regardless of the degree of smoothing used.
In contrast to M. polymorpha, GC content was significantly and positively correlated with 
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per window, and the proportion of bases covered by gene models, were both significantly 
positively correlated with the recombination rate, similar to M. polymorpha. Conversely, the 
proportion of bases covered by repeats in the genome was significantly negatively correlated with 
recombination rates. All correlations were robust against the smoothing used to estimate 
recombination rates.
Some genomic features were also intercorrelated (Table 3). In particular, we found that the 
proportion of bases covered by gene and repeat features were strongly negatively correlated in 
both species. In contrast, GC content and number of gene features per window were significantly 
positively correlated in both species. 
DNA methylation and recombination rate
DNA methylation in 500kb nonoverlapping windows showed considerable variability along the 
eight linkage groups of M. polymorpha, with the CG context showing the most variation (Fig. 2). 
Peaks in cytosine methylation overlapped with the location of the putative centromeres for most 
but not for all eight LGs (Fig. 2). Nevertheless, variability in DNA methylation along the eight 
LGs was less pronounced than in A. thaliana (Supporting Information Fig. S7). This was also true 
for the P. patens genome (Supporting Information Fig. S5). However, DNA methylation was 
significantly negatively correlated with recombination rate along both the P. patens and M. 
polymorpha genomes. This correlation was independent of the span value or the methylation 
context used (Table 4).
Gene body methylated genes
We found that using the thresholds of at least one or ten methylated CpG position per gene body, 
3968 and 303 out of the 16677 investigated genes showed gene body methylation, respectively. 
Both correlation analysis and Wilcox-tests indicated that gene body methylation tends to decrease 
expression specificity and gene body methylated genes are more broadly expressed than genes 
with no gene body methylation (Tau[nonmethylated/methylated, median]=0.7794, Tau[nonmethylated/methylated, 
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body methylation makes genes more broadly expressed but this effect is weak. We further found 
that number of methylated positions per gene body was positively correlated with gene length, 
number of exons but negatively correlated with GC content (Spearman`s Rhogene length=0.2287, 
p<10-10; Rhonumber of exons=0.2001, p<10-10; Spearman`s RhoGCcontent=-0.1605, p<10-10). Therefore, 
gene body methylated genes are longer, have more exons and a lower GC content than 
nonmethylated genes which conclusion was also confirmed when treating gene body methylation 
as a discrete character (Gene length[nonmethylated/methylated; median]= 2730/4242, pWilcox-test<10-10; Exon 
number[nonmethylated/methylated; median]= 3/5, pWilcox-test<10-10; GC content[nonmethylated/methylated; median]= 
0.4729/0.4570, pWilcox-test<10-10). In contrast, average expression level of gene body methylated and 
nonmethylated genes did not differ significantly (average expression[nonmethylated/methylated; median]= 
5.7940/6.2952; pWilcox-test=0.5645) and there was no significant correlation between level of gene 
body methylation and average level of gene expression (Spearman`s Rhoavegare expression= -0.0073, 
p=0.3400).
Limited genome-wide collinearity between bryophytes and across bryophytes and vascular plants
Overall, our analysis showed limited collinearity across the two bryophyte and vascular plant 
genomes investigated. We found no conserved collinear segment across all embryophytes 
regardless of the number of anchor points used and the number of collinear segments was always 
greater within vascular plants than between vascular plants and bryophytes (Supporting 
Information Table S4,S5,S6). Furthermore, collinearity was more limited between the two 
bryophyte genomes than between each of the bryophyte and vascular plant genomes for each 
parameter combinations investigated (Supplementary Information Table S4-6).
In particular, requiring five anchor points to be present per collinear block we found one collinear 
block between M. polymorpha and Theobroma cacao and one between P. patens and P. 
trichocarpa. Nevertheless, no conserved blocks were discovered between M. polymorpha and P. 
patens. As expected, there were many more collinear blocks among dicots but less between dicots 
and monocots (Supporting Information Table S4). Results did not change qualitatively when using 










This article is protected by copyright. All rights reserved
However, we obtained qualitatively different results when using a minimum of three anchor points 
in the analysis (Supplementary table S6). We found 97 and 117 collinear blocks between one or 
more vascular plants and either M. polymorpha or P. patens, respectively. The majority of these 
was collinear between one of the bryophyte and one vascular plant species but the second most 
abundant class included collinear blocks shared with two or four vascular plants. Only one 
segment was collinear across nine vascular plant species in M. polymorpha. In contrast, collinear 
regions between P. patens and vascular plants were shared at most among eight species. The 
collinear segments conserved across nine (in M. polymorpha) or eight (in P. patens) species 
included both dicots and monocots and were spread out over all chromosomes of M. polymorpha 
or P. patens (Fig. S8). Importantly, none of these conserved collinear regions were shared between 
P. patens and M. polymorpha.
We also assessed the GO enrichment of genes located in the blocks collinear between one of the 
bryophyte genomes and at least another four vascular plant species genomes. We found that in M. 
polymorpha genes in these blocks were enriched among others for aromatic product metabolism, 
nucleic acid metabolism especially RNA modifications, photosynthesis and nitrogen compound 
synthesis (biological processes ontology) (Supporting Information Fig S9). Many more genes were 
located in these collinear blocks in P. patens. Furthermore, genes in these regions were enriched 
for various GO terms that did not occur in the set collinear between M. polymorpha and vascular 
plants and are potentially related to key vascular plant traits. Among others, we found that terms 
related to stomata, photosynthesis, embryo development, reproduction, anthocyanin and hormone 
synthesis/metabolism, recombination, and post-embryonic development, DNA-damage handling, 
circadian rhythm, water homeostasis showed significant enrichment (Supporting Information Fig. 
S9 B).
We also found 10 collinear regions that were exclusively shared between the two bryophyte 
species but not with any of the other vascular plant species. Genes of these segments were part of 
gene families including members of most vascular plant genomes. Therefore, lack of collinearity 
was not due to the predominance of bryophyte-specific genes in these segments but rather to the 
lack of collinearity with vascular plant genomes. These 10 segments in total consisted of 327 
genes in M. polymorpha and 711 genes in P. patens. Half of the co-linear regions occurred on LG6 
of M. polymorpha (Supporting Information Fig. S8). The rest occurred on LG4,LG1 and LG7. A 
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collinear regions were enriched for biological process terms potentially related to the specialized 
morphology, life cycle, molecular biology and physiology of bryophytes (Supporting Information 
Fig S9). For instance, we found that terms related to secondary metabolite production, DNA 
repair, response to UV and far-red light, ion transport, carbohydrate metabolism and various other 
metabolic processes were strongly enriched in these regions. Furthermore, genes involved in 
regulating key developmental processes such as axis formation, meristem maintenance were also 
enriched.
Discussion
Linkage groups and the karyogram of M. polymorpha 
M. polymorpha is a haploid dioecious plant with chromosomal sex determination system. It has 
eight autosomes and one sex chromosome (either a female-determining U or male-determining V 
chromosome), the segregation of which during meiosis determines sex (Yamato et al., 2007; 
Jamilena et al., 2008; Bowman et al., 2016). The karyotype of M. polymorpha, like multiple 
species in the genus Marchantia (Haupt, 1932; Bischler, 1986), consists of five or six metacentric 
and two or three submetacentric autosomes, depending on the thresholds used to classify these two 
types of chromosomes (Ono, 1976; Bischler, 1986). The M. polymorpha sex chromosome that are 
both likely metacentric (Yamato et al., 2007), but because a genetic map cannot be used to order 
markers on the sex chromosomes (these chromosomes do not recombine), here we focus on the 
autosomes. 
Quality of the anchored linkage map
The recently published genome of M. polymorpha consisted of nearly 3,000 scaffolds (Bowman et 
al., 2017). Here we provide a linkage map composed of eight linkage groups corresponding to the 
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the physical distribution of genomic features, especially with the position of the centromeres, 
made it possible to establish a putative correspondence between the pseudomolecules and the 
actual M. polymorpha chromosomes (Fig. 3). The relative size of our pseudomolecules fits well 
with previous cytogenetic observations; nevertheless, proper cytogenetic assignment of the 
pseudomolecules to chromosomes remains to be performed (Ono, 1976; Bischler, 1986). Having 
established a correspondence between karyotype and assembly will make it possible to easily 
locate and visualize regions of interest and to connect observations at the genome and the 
karyotype level.     
Our linkage map compares well with maps from other species, especially in terms of the number 
of markers and their density. In particular, the M. polymorpha map is based on over 4,500 genetic 
markers, which is slightly more than what was used to build the linkage map of the moss P. patens 
(4,220) (Lang et al., 2018). Furthermore, the M. polymorpha map has an average marker distance 
of 1.76 cM, which is similar to the genetic map of P. patens (1.1 cM). 
Nevertheless, our map is based on a significantly fewer set of individuals than in P. patens, 
making recombination rate estimates less precise. The M. polymorpha and P. patens maps differ in 
the proportion of nucleotides that could be incorporated into the genetic map. In P. patens 
approximately 99% of the scaffolds were incorporated into the genetic map (Lang et al., 2018), 
while in M. polymorpha we only reached a value of 88%. This difference, however, unlikely 
represents differences in the completeness of the two genome assemblies for the following reason. 
In total, approximately 30 Mbp (10 Mbp V and 20 Mbp U) out of the approx. 230 Mbp M. 
polymorpha genome is occupied by the two sex chromosomes (Yamato et al., 2007; Bowman et 
al., 2017). Because sex chromosomes are non-recombining on most of their lengths, our assembly 
is expected to consist of the scaffolds anchored to the eight autosomes. Therefore, the total length 
of our map spanning about 200 Mpb is estimated to cover most of the autosomal complement of 
the M. polymorpha genome (230 Mbp-20 Mbp = 210 Mpb). Altogether, this suggests that our map 
provides an accurate and close to complete representation of the chromosome-scale structure of 
the M. polymorpha autosomes, and as such can be used to aid map-based cloning approaches or 
chromosome-scale genomic or epigenomic analyses.
A draft genome assembly is a representative hypothesis of the true nucleotide sequence of a 
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the M. polymorpha genome. During the construction of the linkage map, we found some 
inconsistencies between the linkage map and the physical position of markers along the assembled 
scaffolds. These tend to be abundant at the end of the pseudomolecules/linkage groups. 
Inconsistencies between the linkage and physical maps can be a consequence of errors in the 
former or the latter, or in both. Therefore, we suggest that physical positions of the 
pseudomolecules with inconsistencies between the genetic and physical maps needs further 
attention because most of them may represent misassembled genomic regions.
Telomeric tandem repeat arrays are short
Telomeres of vascular plants are made up of tandem minisatellite repeats and are maintained by 
the telomerase enzyme (Nelson et al., 2014; Kim & Kim, 2018). Telomeres maintain the integrity 
and stability of chromosomes. Most vascular plants are characterized by a conserved telomeric 
repeat unit but telomeric repeats can be variable, be lost or even replaced by transposons. The 
presence of telomeric repeats were described for both bryophyte genomes (M. polymorpha and P. 
patens) and thought to mainly composed of the Arabidopsis-type repeats (Suzuki, 2004; Kim & 
Kim, 2018). Our analyses of the M. polymorpha genome suggest that most of the telomeres are 
either missing from the current assembly or their structure/repeat composition is more variable 
than previously thought. In particular, we were unable to found specific long tandem repeat arrays 
in the M. polymorpha linkage map typical for the telomeres of vascular plants. This is in line with 
previous observations that telomeric repeats are less extensive in the P. patens genome than in 
vascular plants (Lang et al., 2018). Nevertheless, the possibility that this is partly a consequence of 
assembly quality cannot be excluded and remains to be investigated using high-quality assemblies.
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Centromeres in flowering plants are usually consisting of tandem repeat arrays interspersed with 
some transposable elements (Melters et al., 2013; Oliveira & Torres, 2018). Tandem repeats are 
highly variable across species concerning their repeat type, repeat unit length and copy number. 
They may even differ between different chromosomes of the very same species (Birchler et al., 
2012). In the bryophyte, P. patens, extensive tandem centromeric repeats were not found which 
may be a consequence of its frequent selfing behavior facilitating the loss of centromeric repeats 
(Schneider et al., 2016). Alternatively, high copy number tandem repeats may not be characteristic 
for bryophyte genomes (Lang et al., 2018). Our analyses suggest that similar to P. patens, typical 
centromeric repeats with long repeat unit size and hundreds to thousands of tandem repeat units 
per array are missing from the M. polymorpha genome. The lack of such tandem arrays is unlikely 
to be primarily due to assembly problems because typical centromeric repeats could be identified 
using short-read assemblies in other species in a previous study (Melters et al., 2013). Shorter 
tandem repeat arrays with shorter repeat units are present in the genome but are not specifically 
restricted to putative centromeric regions but are interspersed. Altogether, our findings imply that 
the lack of typical long tandem arrays is likely to be a shared feature of bryophyte centromeres, a 
property that is distinct from most vascular plant genomes analyzed so far (Copenhaver et al., 
1999; Birchler et al., 2012; Oliveira & Torres, 2018; Hartley & O’Neill, 2019). The mechanism 
leading to lower abundance and shorter centromeric repeats in bryophytes compared to the typical 
centromeric repeats of vascular plants is currently unknown.
Centromeric DNA of land plants is also known to contain transposable elements, mainly 
retroelements with low abundance (Birchler et al., 2012; Presting, 2018). In contrast, analysis of 
the P. patens genome showed that overall repeat density was unable to demarcate position of 
centromeres but high density of specific LTR copia elements coincided with the putative position 
of centromeres (Lang et al., 2018). Our analyses suggest that centromeres of M. polymorpha show 
similar characteristics. More specifically, overall repeat element density did not demarcate the 
location of putative centromeres in M. polymorpha. Nevertheless, we found that maximum density 
of LINE elements coincided with the centromeres identified based on Marey maps and DNA-
methylation status in almost all (six out of the eight) linkage groups. Besides P. patens, this is also 
similar to some algal genomes, where specific LINE elements were proposed to mark centromeric 
regions (Blanc et al., 2012; Roth et al., 2017). Altogether, our findings suggest that bryophyte 
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rather the accumulation of specific retrotransposons. These elements may accumulate in 
centromeres because of the preferential occurrence of their insertion sites, alternatively, they may 
be crucial for centromere function. In either case, the centromere structure revealed is different 
from that of typically described for vascular plants and seem to be shared by mosses and 
liverworts and perhaps by the whole group of bryophytes.  
The recombinational landscape of M. polymorpha and P. patens is different at a large scale
The recently published chromosomal-scale assembly of the P. patens genome showed that gene 
density, repeat density, GC content, and recombination were evenly distributed across the 
chromosomes (Lang et al., 2018). This is in stark contrast to flowering plant genomes, in which all 
the above mentioned genomic features are usually more abundant in the middle of the 
chromosome arms and decline towards the centromeres and the telomeres (Heslop-Harrison, 2000; 
Zhu et al., 2017). Discovery of this special genome structure in the moss P. patens raised the 
question whether this is a feature shared by all bryophyte lineages or whether it is a unique 
innovation restricted to P. patens.
Our analysis suggests that genome structure of P. patens and M. polymorpha is remarkably similar 
in some, while radically different in other aspects. On one hand, we found that the spatial 
distribution of recombination rate variation at the large-scale considerably differs between the M. 
polymorpha and P. patens genomes. Recombination rates were greater in the middle of the 
chromosome arms in M. polymorpha, whereas they were more evenly distributed in P. patens. 
Therefore, the recombination landscape of the M. polymorpha genome at the large-scale is similar 
to what is observed in most flowering plants and the evenly distributed recombination rates seem 
to be a unique feature of P. patens (Heslop-Harrison, 2000; Mézard et al., 2007; Haenel et al., 
2018). Similarly, we found that GC content was significantly higher in the middle of the 
chromosome arms in M. polymorpha, while it was evenly distributed in the P. patens genome. 
Altogether, these observations suggest that large-scale genome structure of the M. polymorpha and 
P. patens genomes is different regarding the spatial distribution of recombination rates and GC 
content. Whether this difference is due to the contrasting breeding system of the two species, 
frequent selfing in P. patens and obligate outcrossing in M. polymorpha, or to species-specific 
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On the other hand, we found that in both species the density of genes and repeat elements did not 
significantly differ along chromosome arms from centromeres to telomers at a large scale. That is, 
genes and repeat elements were evenly distributed across chromosome arms in both the P. patens 
and M. polymorpha genomes. This is in stark contrast to the observation made in most flowering 
plant genomes, in which gene density reaches its maximum and repeat density its minimum in the 
middle of the chromosome arms (Mehrotra & Goyal, 2014). In summary, we observed that the 
even distribution of repeat and gene features is a shared property of moss and liverwort genomes 
and is radically different from the spatially clustered distribution of these features in angiosperm 
genomes. The mechanisms via which these radically different genome architectures in bryophytes 
and flowering plants are achieved, is currently unknown.   
DNA methylation and its effect on recombination rates
DNA methylation is known to be important in modulating recombination rates in the model plant 
A. thaliana, which is realized in a strong anticorrelation between recombination rates and DNA 
methylation (Yelina et al., 2015; Zhao et al., 2017; Choi et al., 2018; Dluzewska et al., 2018; 
Tock & Henderson, 2018; Underwood et al., 2018). In line with that, we found that recombination 
rate and the level of DNA methylation were significantly anticorrelated, both in M. polymorpha 
and P. patens. Therefore, our results suggest that the role of DNA methylation in modulating 
recombination rates are likely to be conserved across bryophytes and flowering plants. This is in 
spite of the fact that most bryophyte genes have been reported to lack gene body methylation, and 
the regulatory mechanisms of non-CG methylation are likely divergent between the moss and 
liverwort lineages (Takuno et al., 2016; Bewick & Schmitz, 2017; Ikeda et al., 2018). We have 
previously shown, however, that DNA methylation is highly dynamic during the life cycle of M. 
polymorpha, and could detect gene body methylation in the sporophyte, which produces the cells 
undergoing meiosis (Schmid et al., 2018). It is possible that, as more information on DNA 
methylation in sporophytes of bryophytes becomes available, potential similarities with 
angiosperms will become more clear. 
Unequal distribution of epigenetic marks, including cytosine methylation, is assumed to primarily 
contribute to the large-scale variability in recombination rates along the chromosomes of 
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centromeric regions of A. thaliana is about four times higher than in the middle of the 
chromosome arms (Underwood et al., 2018). Our analysis shows that this is not the case in M. 
polymorpha and P. patens (Lang et al., 2018). In particular, methylation levels around or in the 
putative centromeres are only slightly greater compared to the rest of the chromosomes in M. 
polymorpha. This suggests, that formation, maintenance, and structure of centromeres maybe a 
potentially unique and shared feature of the two bryophyte genomes, which is radically different 
from that of flowering plants (see also above).
Gene body methylated genes have similar characteristics as in flowering plants
The functional, evolutionary significance and occurrence of gene body methylation in the lineages 
of land plants is highly debated (Takuno et al., 2016; Zilberman, 2017; Bewick & Schmitz, 2017; 
Bewick et al., 2019; Wendte et al., 2019). Some studies reported that gene body methylated genes 
are present in bryophytes whereas others argued that they are just of artefactual origin (Zemach et 
al., 2010; Fulneckova et al., 2016; Takuno et al., 2016). Two recent studies on M. polymorpha and 
on the moss P. patens found that gene body methylated genes are present in both bryophytes albeit 
in a low number and/or are restricted to a specific developmental stage (Lang et al., 2018; Schmid 
et al., 2018). Furthermore, analysis of gene body methylated genes in P. patens suggested their 
potentially divergent function compared to flowering plants. Here we investigated this question 
further to see whether findings in P. patens can be generalized for M. polymorpha.
In flowering plants gene body methylated genes are generally more broadly expressed at an 
intermediate level, are longer, have more exons and have lower GC content than genes with no 
gene body methylation (Takuno & Gaut, 2012; Bewick et al., 2017; Bewick & Schmitz, 2017; 
Muyle & Gaut, 2019; Wendte et al., 2019). In contrast, an analysis on P. patens genes with gene 
body methylation showed that they were more specifically expressed, had lower GC content and 
were less frequently expressed than non-methylated genes (Lang et al., 2018). Our analyses in part 
contradicts these findings and suggest that characteristics of gene body methylated genes in M. 
polymorpha are more similar to flowering plants than to P. patens. In contrast to P. patens, gene 
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nonmethylated genes in M. polymorpha. Furthermore, they are expressed at a similar level than 
non-methylated genes. Nevertheless, gene body methylated genes have lower GC content than 
those without gene body methylation in both P. patens and M. polymorpha. Altogether, our data 
suggest that gene body methylated genes have in part different characteristics in P. patens and M. 
polymorpha. We propose that this is not due to a functionally divergent methylation machinery 
because M. polymorpha and P. patens share a common set of orthologous genes involved in DNA-
methylation (Bowman et al., 2017; Ikeda et al., 2018; Schmid et al., 2018; Aguilar-Cruz et al., 
2019). We rather speculate that genomic distribution and characteristics of genes prone to gene 
body methylation may differ between the two species which may be a consequence of their 
divergent mating systems and/or large-scale genomic organization (see this publication). 
Furthermore, we cannot exclude the possibility that the divergent pattern discovered is a 
consequence of the quality of the DNA-methylation data sets used to define gene body methylated 
genes in M. polymorpha and P. patens. The M. polymorpha data set describes DNA-methylation 
status throughout major developmental stages/tissues of the life cycle (Schmid et al., 2018) 
whereas the P. patens data provides DNA-methylation information for a single developmental 
stage (gametophore) (Lang et al., 2018). If DNA-methylation is as dynamic in P. patens as in M. 
polymorpha, the defined set of gene body methylated genes may be highly biased in P. patens and 
can lead to misleading conclusions. We speculate that further data on DNA-methylation in P. 
patens may reveal shared features of gene body methylation with M. polymorpha and with 
flowering plants. More shared features across land plants would provide additional support to the 
currently proposed model that gene body methylation may be a natural consequence of CMT3 
function in the maintenance of heterochromatin (Wendte et al., 2019). Although bryophytes don’t 
have CMT3-clade CMT genes (Noy et al., 2013), de novo CG and CHH methylation activity of 
DNMT3 homologs in heterochromatic regions may provide a potential mechanism how gene body 
methylation may arise in bryophytes (Yaari et al., 2019).
   
Correlation between genomic features        
Recombination rates vary across chromosomes in many organisms and their distribution often 
correlates with other genomic features. For instance, in most vascular plant species, recombination 
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correlated with the abundance of repetitive elements (Paape et al., 2012; Glémin et al., 2014; Tiley 
& Burleigh, 2015; Kent et al., 2017). We showed that the patterns of correlation between 
recombination rate and genomic features mainly followed this general pattern in the M. 
polymorpha genome. We found that recombination rate is positively correlated with the density of 
predicted genes. We also revealed a negative correlation between recombination rate and the 
abundance of repeat elements in the genome. These observations are probably due to a greater 
efficacy of selection in frequently recombining regions of the genome, which allows efficient 
removal of repeat elements and increases gene density (Charlesworth, 2012; Haenel et al., 2018).
Another common feature of plant genomes is a correlation of recombination rate with GC content. 
In most plant genomes, recombination rates are positively correlated with GC content but 
exceptions with negative or no correlation are known, especially in frequent selfers (Marais et al., 
2004; Paape et al., 2012; Pessia et al., 2012; Clément et al., 2017). The significant relationship 
between recombination rate and GC content is thought to be maintained by GC-biased gene 
conversion after cross-overs (Clément et al., 2017). Alternatively, the correlation could also be 
maintained by selection for higher GC content or by a recombination-inducing effect of GC-rich 
genomic regions (Liu et al., 2018). In M. polymorpha, we did not find a significant correlation 
between recombination rate and GC content as it is often seen in flowering plants. Whether this is 
a result of the resolution of our linkage map or it is a true signal in the M. polymorpha genome as 
was found for duplicated blocks of genes in rice and Sorghum bicolor, remains to be investigated 
(Wang et al., 2009).   
Limited collinearity across land plant and bryophyte genomes
Overall, we found very limited collinearity between bryophyte and vascular plant genomes 
implying that deep divergence since the common ancestor has eroded conserved ancestral gene 
blocks. This is not unexpected as recent estimates suggest that vascular plants and bryophytes 
have started to diverge from one another more than 400 million years ago, many million years 
earlier than the estimated evolutionary origin of the common ancestor of vascular and/or seed 
plants (Morris et al., 2018b). Similar degradation of collinearity can be seen between monocot and 
dicot lineages whereas greater collinearity can be observed within dicot and monocot genomes 
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A previous study on the P. patens genome suggested that regions showing collinearity between the 
moss and some angiosperms may represent conserved collinear blocks since the most recent 
common ancestor of land plants (Lang et al., 2018). Our analysis partially contradicts this 
hypothesis because regions collinear between vascular plants and M. polymorpha or P. patens 
turned out to be unique for each of the bryophyte species. Therefore, a more parsimonious 
explanation of our finding is that P. patens and M. polymorpha independently retained a different 
set of collinear regions may be from the common ancestor of land plants. Our gene ontology (GO) 
analyses of the genes located in these collinear blocks suggest that functional significance may 
have facilitated retention. 
We also found some genomic regions that show collinearity only between M. polymorpha and P. 
patens. Recent studies provide evidence that liverworts and mosses form a monophyletic group 
also likely containing the clade of hornworts (Cox, 2018; Puttick et al., 2018b; de Sousa et al., 
2019). This suggests that regions exclusively collinear between the bryophyte species may have 
been retained since their common ancestor. Our GO analysis suggests that some of these regions 
potentially host genes with special importance for the overall life cycle of bryophytes. 
Intriguingly, we found that collinearity is more restricted between the two bryophyte species than 
between bryophytes and vascular plants. The common ancestor of mosses and liverworts and/or 
hornworts is thought to have existed about 10 million years later than the common ancestor of 
embryophytes (vascular plants and mosses, liverworts, hornworts) (Morris et al., 2018a). 
Therefore, if the extent of collinearity is proportional to time, we would have expected somewhat 
more collinearity between the two bryophyte genomes than between bryophytes and vascular 
plants. Currently, we can only speculate about the processes may lead to less than expected 
collinearity between the bryophyte genomes. The M. polymorpha genome is one of the smallest 
genomes within liverworts which may arose via secondary reduction and could have contributed 
to the loss of collinearity (Bainard et al., 2013; Bowman et al., 2017). Furthermore, in contrast to 
M. polymorpha, the P. patens genome went through at least two rounds of whole-genome 
duplications and a rapid proliferation of transposable elements that could have facilitated genome 
rearrangements (Lang et al., 2018). It is also possible that genome-structure dynamics is running 
with a faster pace in the two bryophyte lineages than in vascular plants. Finally, we cannot exclude 
the possibility that our result is an artefact of comparing only one moss and one liverwort 
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discovered more collinear regions shared by the majority of bryophyte species. Further bryophyte 
genomes with high-quality genome assemblies are needed to answer this question.
Experimental procedures
Plant material and mapping population 
We established a mapping population using two geographically divergent strains, the Japanese 
male single spore isolate "Tak-1" (Shimamura, 2016) and the Swiss female single spore isolate 
"IrchF". IrchF was established from a female plant collected at Irchel campus of the University of 
Zurich, Switzerland, in fall 2012 using surface sterilized gemmae. We achieved induction of 
sexual reproductive structures and fertilization via established protocols (Ishizaki et al., 2016). 
Spores were germinated from a single sporophyte on BCD medium (Cove et al., 2009) in a petri 
dish for four days under continuous light, 22 °C, 300 μEm2sec−1 light intensity, and 60% relative 
humidity in a growth chamber. From this pool of sporelings, we initially picked 300 single spore 
isolates using sterile needles and maintained cultures by vegetative propagation on BCD medium. 
DNA extraction, ddRAD library preparation, and sequencing
Of the 300 F1 plants, we randomly selected 90 single spore isolates for further genomic analysis. 
We extracted genomic DNA from these 90 samples and from the parental strains, following a 
modified CTAB protocol (Rogers & Bendich, 1985). DNA quantity and quality were assessed 
with a NanoDrop D-1000 (Thermo Fisher Scientific) and by agarose gel electrophoresis. We 
estimated DNA quantity by a Qubit 1.0 Fluorometer (Invitrogen, Thermo Fisher Scientific).
Subsequent to DNA extraction, we performed double-digest RAD (ddRAD) library preparation for 
Illumina sequencing, following a modified protocol described in (Baughman et al., 2017). In brief, 
the genomic DNA was digested by EcoRI and MseI, resulting in sticky-end fragments that were 
labelled by using 92 unique EcoRI adaptors containing an in-line barcode. We also extracted DNA 
from both parental lines (Tak1 and IrchF) and prepared ddRAD libraries following the same 
procedure. The ddRAD-seq libraries were sequenced on two separate Nextseq500 (Illumina, San 
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contained libraries of the 90 individuals in equimolar ratios plus libraries of the two parental lines 
with twice the molarity of the segregants.      
Data preprocessing and reference-based haplotyping  
Raw data was demultiplexed, and quality filtered with the process_radtags program with the 
“rescue barcodes” (-r), “discard reads with low quality scores” (-q) option implemented in Stacks 
(v1.46) (Catchen et al., 2013). After this step, we trimmed the reads to exactly 100bp by 
Trimmomatic (Bolger et al., 2014). 
We downloaded the M. polymorpha reference draft genome (v3.1) from Phytozomev12 
(Goodstein et al., 2012) and aligned each demultiplexed file to the genome with BWA-MEM with 
default parameters (Li, 2013). The resulting alignments were used to build loci and call haplotypes 
with pstacks (m = 3 and α = 0.05). After that, we built a reference catalog of RAD loci with 
cstacks for the two parental lines, using default parameter values, and matched stacks of the 
progeny against the parental catalog. Finally, we exported genotypes of the parental lines and that 
of the progeny in the Joinmap 0.4 format, using the genotypes module of Stacks. We discarded 
markers that occurred in less than 10 individuals of the progeny and did not pass a minimum 
sequencing depth threshold of five reads. We used the “cross F2” option because both the parental 
lines and the progeny is haploid with no heterozygosity expected. 
Linkage map construction
We constructed a linkage map using R/qtl (Broman et al., 2003) and ASMap (Taylor & Butler, 
2017). We excluded individuals with more than 50% missing data and retained only markers that 
could be genotyped in at least 80% of the individuals. Pairs of genetically highly similar 
individuals were identified and combined into putative genetic clones (genClones command, 
similarity threshold of 0.95). We excluded 12 markers showing significant segregation distortion 
(χ2 -test, p<10-8, corresponding to a Bonferroni corrected p-value of p≤0.05).
We used the mstmap function of ASMap, with the Kosambi distance function and a p-value 
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in cM (centimorgan). To test whether the number of linkage groups is robust against the 
significance threshold (p-value) applied, we generated linkage groups using multiple p-values 
ranging from 10-5 to 10-10. We re-estimated genetic distances of the markers and ordered them 
within each linkage group, using the est.map (R/qtl) and the quickEst (ASMap) functions and 
applying the same thresholds as for the mstmap function. To visually assess the quality of the 
constructed linkage map, we plotted a heatmap (heatmap, ASMap) of the pairwise recombination 
rate estimates between markers and the associated LOD (Logarithm of the Odds) scores describing 
their strengths of linkage. To make our results comparable those of the P. patens genome, we 
obtained segregation data from the original publication (Lang et al., 2018), and reconstructed a 
linkage map using the very same analytical tools and parameters mentioned above.     
Genome anchoring
To anchor our genetic map to the M. polymorpha draft genome, we used ALLMAPS (Tang et al., 
2015). First, we mapped consensus sequences of the ddRAD tags to the genome draft using blat 
(Kent, 2002)(blat -fastMap) to ascertain the physical location of all ddRAD-tag markers on the 
genomic scaffolds of M. polymorpha. We kept only markers that showed a perfect match to the 
genome at least 95% of their lengths and were uniquely mapped. We used this mapping file, the 
linkage map, and the scaffolds of the draft genome to anchor the draft assembly to the linkage 
map, employing ALLMAPS’ assembly module with the path command. To test the quality of the 
anchoring process, we calculated non-parametric correlation between physical and genetic 
distances of mapped markers for each chromosome separately. We generated two genome 
assembly files. In one file, we stitched together scaffold and contig sequences of the draft 
assembly with 100 Ns regardless of the size of the gap indicated by the genetic map. In a second 
file, we used the genetic map to estimate the length of the gaps in base pairs between adjacent 
scaffolds of the draft assembly. To do this, we first obtained cM/Mb recombination rate estimates 
by fitting a cubic spline onto the plot of physical and genetic distances for each of the adjacent 
scaffolds of the gap, and estimated recombination rate as the derivative of the spline. We then used 
this information to convert the estimated recombination rate between markers spanning the gap 
into nucleotides. In this assembly, Ns are proportional to the estimated size of the gaps between 
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v3.1 genome (available under https://doi.org/10.5281/zenodo.1117842) to the chromosome-scale 
assembly.
Marey maps
To estimate local recombination rates along the chromosomes, we used Marey maps (Chakravarti, 
1991). This method relies on the comparison of physical and genetic distances along the 
chromosomes to estimate local recombination rates. Because our genetic map contains between-
scaffold gaps, the lengths of which are poorly known, we constructed Marey maps for the map in 
which gaps are filled in by 100Ns, regardless of the estimated size of the gaps. 
To improve the quality of our map files, we filtered them to remove mis-mapped and/or bad 
markers. We first searched for markers that were incorrectly ordered. We assumed that the 
reference genome is correctly assembled, and corrected the order and orientation of the genetic 
map to make it consistent with the assembly. To remove incongruent markers, we searched for the 
longest common subsequence (LSC) between ranked genomic and physical positions of markers 
and removed those that were not part of the LSC using slightly modified scripts available in 
(Corbett-Detig et al., 2015). 
Using the genetic and the physical position of markers on the pseudomolecules, we generated 
Marey maps for both the M. polymorpha and the P. patens assemblies using the MareyMap R 
package (Rezvoy et al., 2007; Siberchicot et al., 2017). To estimate local recombination rates 
(cM/Mb), we employed the loess method that fits a locally adjusted 2nd order polynomial curve to 
the data points which can adapt to the uneven physical distribution of markers along the 
chromosomes. We used three window sizes, 0.2, 0.15, and 0.1 (called span) for the local 
adjustment, that is each window contained 0.2%, 0.15%, and 0.1% of the total number of markers. 
These values represent a decreasing degree of smoothing with estimates that are more local at 
smaller span values. The loess method is known to perform well under various degrees of map 
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We generated Marey maps and recombination rates along pseudomolecules of the P. patens v3.3 
genome assembly in the very same way. We retrieved physical position of genetic markers on 
pseudomolecules of the v3.3 assembly from the original publication (Lang et al., 2018). Visual 
inspection of Marey maps showed either non-monotony or unreliably large recombination rate 
estimates for chromosomes 6, 13, 25, and 27, which we therefore excluded from any further 
analyses.
We tested whether there is significant recombination rate variation across the chromosomes via 10 
000 bootstrap resampling of the coefficient of variation of the recombination rate estimated 
(sd/mean * 100). We did this for each of the eight pseudomolecules of M. polymorpha and for the 
23 chromosomes of P. patens (we excluded chromosomes 6, 13, 25, and 27 from the analysis as 
explained above).    
Telomeres and telomeric repeat screening
To identify telomeric repeats we used trf finder (Benson, 1999) and searched for tandem repeats 
with a unit length between 5 and 15 bp (usual length of telomeric repeats in plants) (Somanathan 
& Baysdorfer, 2018) using the following options (trf input.fasta 2 7 7 80 10 50 500). We assessed 
both copy number and localization of the detected tandem repeats to assess their association with 
telomeric regions. We also mapped the putative “TTTAGGG” M. polymorpha telomeric repeat 
(Suzuki, 2004) to the assembled linkage groups. We then analyzed the spatial distribution of the 
repeats, assuming that telomeric repeats show a repeat unit size of 5pb-15bp. Because telomeric 
repeats should represent the longest tandem arrays of such repeats, we plotted the length (the 
number of repeat units per tandem array) of such tandem arrays along the linkage groups.  
Centromeric repeat screening
To search for centromeric repeats, we looked for high copy number tandem repeats with a repeat 
unit size of between 50-500 bp characteristic of tandem repeats of vascular plant centromeres 
(Melters et al., 2013)(Copenhaver et al., 1999)(Oliveira & Torres, 2018). To do so, we used trf 
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putatively centromeric tandem repeats we plotted the frequency of tandem repeat arrays (repeat 
unit size range 50-500bp) along the eight LGs. Based on the frequency distribution of repeat unit 
length and the number of repeat units in tandem arrays we used two thresholds: a) repeat unit 
length ≥10 bps and repeat unit number per array ≥ 10, b) repeat unit length ≥ 30 bps and repeat 
unit number per array ≥ 10. We defined these two ad hoc thresholds to select tandem repeat arrays 
made up of long repeat units with large repeat unit number per array relative to their overall 
genomic distributions. Because these two thresholds were subjectively defined, we also plotted 
repeat unit length and repeat unit number per array side by side along all LGs including all tandem 
array with a repeat unit length ≥ 30. Finally, we also searched a candidate centromeric repeat 
against the assembled genome sequence reported by (Melters et al., 2013) using blastn and an e-
value threshold of 10.
Transposable element identification and centromeres
We run Repeatmodeler (Smit & Hubley, 2015) and then Repeatmasker (Smit et al., 2015) with the 
Viridiplantae repeat data base to search for repeats and classify them according to Repbase (Bao et 
al., 2015). We used the default values for both Repeatmodeler and Repeatmasker. After that we 
classified repeat elements into the following categories and plotted their distribution along the 
eight linkage groups in 500kb wide non-overlapping windows: a.) DNA transposons (TE), b.) 
Retroelements, c.) LTR retrotransposons, d.) non-LTR retrotransposons, e.) Gypsy (within LTR 
retrotransposons), f.) Copia (within LTR retrotransposons), g.) SINES (non-LTR 
retrotransposons), h.) LINES (non-LTR retrotransposons), i.) Unclassified repeats. For each of 
these, we then visually assessed whether density of elements coincided with the putative 
centromeric positions we identified based on the Marey map and DNA methylation profiles. We 
did not include various repeat elements into this analysis (e.g. helitrons etc.) because they were 
rare or occurred only on a single linkage group.
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To statistically test whether recombination rate was evenly or unevenly distributed along the 
chromosomes, we ran a nested ANOVA model with a main effect of chromosomal position nested 
within the factor of chromosomes. To do so, we obtained recombination rate estimates in the 
middle of each 500kb nonoverlapping window using our Marey maps for each three span factors 
separately. We then divided each chromosome arm (from the centromere to the telomere) into four 
equal-sized segments (main factor “chromosomal position”), and ran linear models in R (lm()) 
function) to test the overall significance of recombination rate variation among the four segments. 
We did this both for the P. patens and the M. polymorpha genome assembly, and for each of the 
three recombination rate estimates obtained with the three different span factors separately. To 
make sure that we have a sufficient number of observations in each quartile, we only included the 
longer arm of the chromosome in the analyses for highly acrocentric chromosomes. In P. patens, 
we only used the longer arm to carry out this test for chromosomes 23, 22 ,21 ,19 ,18 ,17 ,16 ,15 
,14 ,12 ,10 ,9 , 4, and 3. In M. polymorpha, we used only the longer arm in linkage group (LG) 1, 
which was strongly acrocentric. For all other chromosomes both arms were used. We employed 
the very same test to investigate whether gene density, repeat density, and GC content in 500kb 
nonoverlapping windows are evenly distributed across the chromosome arms. Gene density, repeat 
density, and GC content in genomic windows were obtained as described in the paragraph below.  
To investigate the relationship between recombination rate and select genomic features, we 
correlated (Spearman`s rank-correlation) our recombination rate estimates (Marey map: span 0.1, 
0.15 and 0.2) with multiple genomic parameters using a nonoverlapping sliding window size of 
500 kb. We calculated gene density (number of genes/window and proportion of nucleotides in 
genes/window), repeat density (number of repeat features/window or proportion of bases in 
repeats/window), GC content using our assembly and the bedtools coverage command (Quinlan & 
Hall, 2010)( https://github.com/arq5x/bedtools2). We then calculated the nonparametric 
correlation of features with that of the estimated recombination rate for each of the three span 
value (0.1, 0.15, 0.2) separately.
DNA methylation and recombination rate
For M. polymorpha, we used data from (Schmid et al., 2018) to obtain the spatial distribution of 
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to lift over methylation bedgraphs to the linkage map, and calculated the average proportion of 
methylated cytosines in 500kb non-overlapping windows as described above. Because cross-overs 
occur during meiosis, we used methylation data from the sporophyte stage to test the correlation 
between recombination rate and level of methylation. We then calculated Spearman’s 
nonparametric rank correlation between methylation values and recombination rate estimates in 
500kb windows for each methylation context and for each of the three span values (recombination 
rate) separately. We carried out the very same analyses for the P. patens genome, for which we 
retrieved methylation data from (Lang et al., 2018). We excluded chromosomes 6, 13, 25, and 27 
from the analysis for reasons explained above. To contrast the spatial distribution of methylation 
in M. polymorpha with that of flowering plants, we used whole-genome bisulfite sequencing data 
available for A. thaliana (Yelina et al. 2015). We mapped the A. thaliana data to the reference 
genome (TAIR, version 10) and obtained methylation calls per cytosine using the very same 
pipeline described above. We also estimated recombination rates along the five A. thaliana 
chromosomes in the same way described above using the Marey map published in (Wright, 
Agrawal, & Bureau, 2003).
Gene body methylated genes
We carried out two separate analyses to investigate the number and characteristics of gene body 
methylated genes in M. polymorpha; a.) defining gene body methylation as a discrete character, 
and b.) using gene body methylation as a continuous character. Genes with at least one methylated 
CpG position (each site`s methylation level had to pass the 90% methylation level threshold) in 
their gene body (from start to the end position including introns as defined in the gff file) were 
treated as being gene body methylated when defining it as a discrete character. This is a similar 
threshold used in a previous study on P. patens genes (Lang et al., 2018). Because M. polymorpha 
methylation varies radically throughout development and tissue types, methylation level of each 
CpG position was calculated as the maximum percentage value across all tissues/developmental 
stages investigated previously in (Schmid et al., 2018). As explained above, we also carried out 
our analyses defining gene body methylation as a continuous trait. To do so, we correlated the 
number of methylated CpG sites per gene body (definition of methylated sites see above) with 
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Using gene body methylation as a discrete or continuous variable, we tested whether gene body 
methylated genes are longer, have more exons, have higher GC content, show less tissues 
specificity in their expression and whether are more silenced than their non-methylated 
counterparts. Descriptive statistics of gene features were retrieved from the gff file. We obtained 
gene expression data from Supplementary material 3 of (Bowman et al., 2017) and calculated Tau, 
a descriptor of expression specificity, as described in (Kryuchkova-Mostacci & Robinson-
Rechavi, 2016). When treating gene body methylation as a binary character, we used Wilcox-tests 
to compare two medians (methylated vs. non-methylated genes). Non-parametric Spearman rank-
correlations were employed when using gene body methylation as a continuous character. Finally, 
we also investigated whether gene body methylated genes have less expression evidence and/or 
expression correlates with their methylation level. For this analysis, we calculated average 
expression of genes using the Supplementary material 3 of (Bowman et al., 2017). 
Collinearity analysis
We first created ortho groups using 16 species` proteomes using orthofinder2 v2.3.3 (Emms & 
Kelly, 2015, 2019). The selected 16 species data set included representatives from each major 
groups of land plants with high-quality genome assemblies (most in chromosomes) plus the 
sequence-anchored genome of M. polymorpha. For each major clade we included species which 
have experienced different number of large-scale duplication events throughout their history 
according to (Qiao et al., 2019). Species did not experience recent whole-genome duplications: 
Citrus clementina, Theobroma cacao, Vitis vinifera, Prunus persica, Cucumis sativus and 
Amborella trichopoda. Species experienced multiple rounds of recent whole-genome duplications: 
Physcomitrella patens, Selaginella moellendorfii, Zea mays, Oryza sativa v7_JGI, Brassica 
oleracea, Arabidopsis thaliana, Populus trichocarpa, Medicago truncatula, Daucus carota. We 
added the gff file of our linkage map to this data set. Gff files and proteomes for all the other 
species were retrieved from phytozome12 (Goodstein et al., 2012).
We then used the gene families obtained to carry out collinearity analysis. We used I-ADHore3 
(Proost et al., 2012) to detect highly degenerate collinear blocks expected among bryophytes and 
vascular plants. We carried out collinear segment detection requesting a minimum of 3, 4 and 5 
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prob_cutoff=0.01, anchor_points=5, alignment_method=gg2, level_2_only=false). Finally, we 
conducted gene ontology enrichment analyses using the gene set found in the collinear segments 
using topGO (Alexa & Rahnenfuhrer, 2019) with a p-value threshold of 0.05. We redundancy 
filtered and visualized results of the GO-enrichment analyses using Revigo (Supek et al., 2011) by 
applying a semantic similarity threshold of 0.1 of the SimRel similarity measure.  
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LG1 598 81.06 0.136 1,663 1,266 5,081 23567953 22641140 0.992
LG2 623 83.60 0.134 1,583 0 3,805 26029825 25782311 0.987
LG3 539 69.76 0.129 1,957 1,266 8,955 26832194 24993663 0.993
LG4 532 102.65 0.193 1,977 1,266 5,081 27599175 25234484 0.996
LG5 454 101.51 0.224 2,256 1,266 8,955 21417235 20768799 0.997
LG6 713 111.49 0.156 1,778 1,266 6,363 29517180 29517180 0.998
LG7 409 76 0.186 1,949 1,266 3,805 23169218 20520495 0.995
LG8 668 86.15 0.129 1,664 1,266 5,081 30690906 28468777 0.997
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Table 2 The effect of chromosome and genomic position (quartile) on the density of genomic features in M. polymorpha and P. patens. We used a nested 
ANOVA model with two major factors, quartile (four equal-sized chunks of the chromsome arm) and linkage group, quartiles were nested within linkage groups. 
Statistics for genomic features and recombination rate were estimated in 500kb windows. Signficant p-values are in bold face.
         
       
Species Marchantia polymorpha Physcomitrella patens
Response variable Factors df† F‡ p§ df† F‡ p§
Recombination rate (span=0.1)
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Linkage group/Chromosome 7 3.3632 0.0017 22 0.0773 1.0000
Recombination rate (span=0.15)
Quartile 3 5.1830 0.0016 3 0.3039 0.8226
Linkage group/Chromosome 7 2.3762 0.0220 22 0.0458 1.0000
Recombination rate (span=0.2)
Quartile 3 4.3390 0.1353 3 0.5732 0.6328
Linkage group/Chromosome 7 1.5963 0.1353 22 0.1336 1.0000
Gene number
Quartile 3 2.0173 0.1111 3 3.2896 0.0203
Linkage group/Chromosome 7 0.8575 0.5404 22 1.0192 0.4372
Proportion of bases covered by genes
Quartile 3 0.3362 0.7992 3 1.2610 0.2868
Linkage group/Chromosome 7 5.1952
1.16E-
05 22 1.1614 0.2760
Proportion of bases in repeats
Quartile 3 0.4835 0.6939 3 1.7944 0.1469














14 3 1.3452 0.2586
Linkage group/Chromosome 7 0.1714 0.9908 22 1.0533 0.3950
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Table 3 Correlation between genomic features in the P. patens and M. polymorpha genomes. Values are Spearmanʼs rank correlation coefficients. Correlation 
coefficients significant at the p≤0.05 level are in bold face. All genomic features were estimated in 500kb windows.











Recombination rate span=0.1 0.2133 0.4552 0.4535 -0.4818 
Recombination rate span=0.15 0.2254 0.4975 0.4951 -0.5198 
Recombination rate span=0.2 0.2045 0.4974 0.4873 -0.5208 
GC content 0.4843 0.5214 -0.3182 
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M. 
polymorpha
Recombination rate span=0.1 0.0670 0.1293 0.1034 -0.1079
Recombination rate span=0.15 0.0641 0.0952 0.0573 -0.1070
Recombination rate span=0.2 0.0893 0.0981 0.0668 -0.1154
GC content 0.2625 0.0971 -0.0347
Proportion of bases covered by 
genes
-0.5240
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1
2 Table 4 Correlation of percent methylation with recomb rate in 500Kb windows in the eight linkage 
3 groups of M. polymorpha and the P. patens genome. We calculated Spearman`s nonparametric 
4 correlation coefficient (Rho) for all three sequence contexts and for recombination rate estimates 
5 obtained at three levels of smoothing (see span values 0.1, 0.15 and 0.2). All correlation coefficients are 




     
Species Sequence context Span   
0.1 0.15 0.2
M. polymorpha
CpG -0.1715 -0.1643 -0.1490
CHH -0.1176 -0.1048 -0.1003
CpG -0.1715 -0.1643 -0.1490
P. patens
CHG -0.5012 -0.5444 -0.5399
CHH -0.5146 -0.5557 -0.5492
CpG -0.4878 -0.5351 -0.5356
























24 Figure 1 Linkage map of M. polymorpha. (a) Graphical representation of the linkage map. (b) Plot 
25 of estimated recombination rate between genetic marker pairs (upper triangle) vs. LOD score of 
26 their linkage (lower triangle) along the eight linkage groups reconstructed.  
27
28 Figure 2 Recombination rate (cM/Mb) and DNA methylation variation along the eight linkage 
29 groups of M. polymorpha. Recombination rate and DNA methylation is plotted as dashed and 
30 solid lines, respectively. Recombination rates were estimated in 500kb windows with a span value 
31 of 0.15. The percentage of methylated cytosines was calculated in three different contexts (CpG in 
32 Blue, CHG in green, and CHH in red) and averaged in 500kb windows. Gray areas show putative 
33 position of centromeres.
34
35 Figure 3 Circos plot of the eight linkage groups of M. polymorpha. Density of genomic features 
36 were estimated in 500kb windows. M. polymorpha chromosomes are assigned to the eight linkage 
37 groups. Chromosome outlines are redrawn from (Ono 1976 and Bischler 1986). Large ticks are per 
38 megabases (Mbp). A
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